We investigate in this paper the origin of perpendicular anisotropy in Co (1.6 nm)/Pt (3.0 nm) bilayers grown on alumina and annealed up to 650 • C. Above 350 • C, all layers exhibit perpendicular anisotropy. Then coercive fields increase linearly with annealing temperature following two different rates: 0.05 T/100 • C below 550 • C and 0.8 T/100 • C above. By making careful structural characterizations using x-ray diffraction and transmission electron microscopy, we demonstrate the presence of short range correlation of L1 1 type below 550 • C whereas above 550 • C, L1 0 chemical ordering is observed. We conclude that perpendicular anisotropy observed in Co/Pt bilayers grown on alumina and annealed may not only be due to interface anisotropy as usually invoked but also to CoPt alloying and chemical ordering that take place during post-growth annealing.
I. INTRODUCTION
Materials displaying a large Perpendicular Magnetic Anisotropy (PMA) are very attractive for the media storage industry. Indeed their very strong magnetic anisotropy may allow to build smaller storage elements while still overcoming the superparamagnetic limit. Hence they allow a larger areal density 1 . PMA is although very appealing for Magnetic random access memory (MRAM) industry for its possibility to reduce the bit size. Spin transfer torque (STT) is also easier to implement because current density required to reverse the storage layer is considerably smaller for materials exhibiting PMA 2 .
PMA is found in many magnetic materials: Co-based multilayers The cobalt layer is no longer 100 % remanent 6 .
However, all the methods presented above are difficult to implement in magnetic tunnel junction (MTJ) where PMA is most desired for reasons mentioned above. Indeed L1 0
FePt can be grown on tunnel barrier of MgO but crystalline quality is not as good as
FePt layer grown on a Pt buffer 7 . Co based multilayers, or Co ultrathin layers sandwiched between layers of noble metals require a thick noble metal buffer that is detrimental for many spintronic application. He + irradiation can cause damages in the tunnel barrier. Monso et al. solution works only for the bottom layer of the MTJ. Therefore a method compatible with tunnel barrier engineering is needed.
Recently, Nistor and collaborators 8 have shown that in SiO 2 /Co(15Å)/Pt(30Å) or Al 2 O 3 /Co(15Å)/Pt(30Å), it is possible to obtain a high PMA of the top electrode after annealing at 400
• C. In this work, PMA was atributed to interface anisotropy as a consequence of the strong Co-O hybridization at the cobalt/alumina interface. These results further triggered a large interest. We have used the same method to grow perpendicu-2 larly magnetized electrodes (Al 2 O 3 /Co(15Å)/Pt(30Å)) on top of an optical spin detector (a spin-led 9 ) to inject and detect spin polarized electron into silicon at remanence 10 .
Major advances have been made on this topic by groups who wanted to engineer layers displaying PMA using MgO/CoFeB layers 11, 12 that are under the spotlight because they allow for large tunnel magnetoresistance. However the origin of PMA in these oxide-metals systems is still unclear.
This article deals with another explanation to the origin of PMA in the Al 2 O 3 /Co/Pt system. We start by studying the evolution of the magnetic properties of the Al 2 O 3 /Co/Pt as a function of annealing temperature. X-ray diffraction and Electron-energy loss spectroscopy are then used to study the consequences of annealing on the structural properties. The first section details the experimental techniques used for the study. The second part describes the experimental results that are discussed in the third part.
II. EXPERIMENTAL TECHNIQUES
Al 2 O 3 /Co/Pt is grown on Si (100). After removing SiO 2 native oxide with hydrofluoric acid and rinsed in de-ionized water for 15 minutes, a 3.2 nm thick Al 2 O 3 layer is grown at room temperature by using radio frequency magnetron sputtering. The evaporation rate of the alumina is about 0.25Å.s −1 . Samples are then moved to another deposition chamber with a short-time exposure to outside atmosphere. The Co(1.5 nm)/Pt(3 nm) ferromagnetic layer is grown at room temperature using a direct current sputtering magnetron. For both metals, the deposition rate is about 1Å.s −1 . After deposition, the whole structure is annealed in a separated oven under a secondary vacuum of 10 −5 mbar. The procedure consists in 1 min. annealing at 115
• C followed by 90 min. annealing at the temperature set point T a .
To avoid spurious effects due to time variation of the sputtering growth rate, all the samples presented in this paper have been grown simultaneously.
Three experimental techniques have been used for magnetic measurements: polar magneto-optical Kerr effect (MOKE), extraordinary Hall effect (EHE) and superconducting quantum interference device (SQUID). The SQUID setup further permits both in-plane, out-of-plane and temperature dependent absolute magnetization measurements.
X-ray diffraction and reflectivity were used to characterize the evolution of Co and Pt layers upon increasing annealing temperature. A conventional X'Pert Panalytical two-circle • C is much less than bulk Co magnetization at saturation.
However this may be due to the very small thickness of the layer in our case.
In Fig.3 the coercive field is plotted as a function of annealing temperature T a . From
250
• C the coercive field slowly increases from 0 T to reach 0.18 T at 550 • C. Above that temperature there is a dramatic increase of the coercive field that reaches nearly 0.8 T for the sample annealed at 650
• C. This rapid increase of the coercive field, coupled with the hysteresis loop at T a =600
• C motivated us to perform X-ray diffraction and transmission electron microscopy on these layers to elucidate the consequences of annealing on the structural properties of these layers.
IV. STRUCTURAL ANALYSIS A. X-ray diffraction
Diffraction is used to probe qualitatively and quantitatively several features such as cristallinity, structure, texture, lateral and vertical crystallite sizes and mosaicity. Con- and a halfwidth at half maximum equal to 0.18 ± 0.01Å −1 corresponding to a correlation length of the order of 35Å. This broad peak could be attributed to the presence of L1 1 type CoPt crystalline order with the (111) direction of the rhombohedron perpendicular to the layers, as already observed in Co-Pt films 13 . This type of arrangement can be described as (111) stacking of distorted cubes presenting a chemical order along the diagonal. The L1 1 crystallographic phase is often characterized by its hexagonal lattice, the (111) reflection thus becoming (003). The (006) reflection is expected to be close to the A1(111) peak. From the position of the fitting lorentzian peak we can deduce a value for the c lattice parameter of the hexagonal cell: c = 14.39 ± 0.01Å.
The evolution of the 2.88Å −1 peak (see Fig.4 ) on the annealing temperature is presented in Fig.6 . Upon decreasing the annealing temperature, the sinc function oscillations The 650
• C, 600
• C and 550
• C data were fitted with a squared sinc function. For lower annealing temperatures the data were fitted with the sum of two Gaussian functions. Fig.7a and b shows the temperature evolution of the main peak position and of the crystallite size deduced from its width. This size varies from e = 52 ± 2Å for the 650 • C annealed sample, which corresponds to the sum of the expected Co and Pt layer thicknesses, to e = 31 ± 2Å
for the as-grown sample, corresponding to the expected thickness of the Pt layer. For this sample, the peak position is the one expected for the (111) reflection of the Platinum cubic phase. It increases upon increasing the annealing temperature and reaches the position expected from the Vegard law for a three to two Pt\Co proportion of the two elements. 
Rocking curves
Rocking curves of the main peak were recorded for different annealing temperatures T a .
The experimental curves were fitted with the sum of a pseudo-voigt function and a linear background. The results of these fits show an increase of the value of the η parameter of the pseudo-voigt function (which characterizes the weight of lorentzian with respect to Gaussian) for lower annealing temperatures. We checked that the values of the full width at half maximum (FWHM) are not much influenced by the value of η; figure 7 displays the evolution of this FWHM with the annealing temperature. As already mentioned, the width of a rocking curve is due to both mosaicity and lateral correlation length, which do not have the same 2θ dependency. Measuring rocking curves for different orders of the symmetrical reflection allows discriminating between both effects (Williamson Hall plot 14 ).
The quantity β ω sin θ/λ (where β ω ,θ and λ respectively correspond to the integral breadth, the Bragg angle and the wavelength ) varies as a linear function of sin θ/λ; whereas the slope directly gives the mosaicity, the ordinate at origin is inversely proportional to the lateral correlation length L . In the case of the 600 • C annealed sample, the (111) and (222) rocking curve fits were reliable enough to allow such an analysis; but it has to be noticed that the expected precisions for the determined values are poor, due to the fact that we dispose of only two (hhh) reflections. We obtain a lateral correlation length value L = 83 ± 20Å and a mosaicity value of 5.7 ± 0.5
• .
If we summarize at this point, it appears that short range correlations of L1 1 order type develop and coexist with the A1 or L1 0 lattice. These correlations are maximum at an annealing temperature of the order of 450 • C.
FIG. 8. Angle definitions for the pole figure measurement.

Pole figures
θ − 2θ measurements on such a textured sample cannot allow to discriminate between A1 and L1 0 phases. Pole figure measurements were performed on the 650 • C annealed sample.
They consist in fixing 2θ and ω, and varying the azimuth and declination angles respectively known as φ and χ (see Fig.8 ). The (111) pole figure is shown in Fig.9 . In the case of a cubic single crystal layer, the pole figure is expected to display the characteristic three fold symmetry of the ¡111¿ direction, i.e. three spots corresponding to the three (-111), (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) and (11-1) reflections. This is not what is observed in Fig 7. Instead of three different spots, a ring is present for a declination value which is close to the angle with T a until T a reaches 500
• C. At that point the slope changes abruptly. We also observe that the magnetization at saturation for T a =600
• C is not compatible with pure Co. Moreover in-plane hysteresis loop recorded on this sample show that the hard axis is no more along the film normal.
XRD shows the presence of the peak labeled 111 for cubic symmetry normally associated with chemical ordering. Let us remind that metal growth on oxide is in most cases along the direction perpendicular to the densest plane 15 . In the case of Co it could either be (0001) hcp or (111) fcc. In ultrathin films, it is the fcc symmetry that is the most observed. The presence of this (111) peak is the signature of CoPt alloy, chemically ordered in the L1 1
phase. This chemically ordered phase is an explanation to the strong PMA observed on our film. It is also an alternative explanation to the one given by Nistor et al. 8 . In their work, Nistor et al. attributed the existence of PMA to interfacial magnetic anisotropy induced by
Co-O bonds. The density of these bonds is increased by an optimal annealing. Ab initio calculations also predict the appearance of PMA at the interface of Fe/MgO 16 .
Above 450
• C the intensity of (111) peak associated with the L1 1 phase decreases. At T a =600
• C it has completely disappeared. The hysteresis loop recorded for this sample has an altogether different aspect than the one recorded at 400
• C. It shows that the (111) axis is no more the easy axis. Pole figure recorded at Ta=650
• C shows that the sample exhibits now a L1 0 phase. Considering that our samples are polycrystalline (see When replacing the thickness of the Co by the total thickness of the film we obtained :
We may compare these values with the one found in the literature for CoPt films dis- We believe that the existence of the L1 1 phase in our films explains partially the appearance of the PMA upon annealing.
